Abstract: Human studies show a link between stress and epilepsy, with stress causing an increase in seizure frequency and severity in patients with epilepsy. Many different animal model systems have been used to better understand this connection and the possible mechanisms involved. This review highlights the results of such studies relating stress and seizure susceptibility, with a focus on the hypothalamic-pituitary-adrenal axis and its relationship to seizure generation. The effects of hypothalamic-pituitaryadrenal axis mediators, acute stress, chronic stress, and early life stress on the seizure phenotype are summarized. Results suggest that stress has both anticonvulsive and proconvulsive properties, depending on the animal strain and the stress/seizure induction paradigm used. Attempts to interpret the stress-epilepsy literature must take these variables into account. The growing availability of genetically modified mice that carry either human epilepsy mutations or mutations in stress pathway genes now provide the opportunity to examine the relationship between stress and epilepsy more directly.
W hen faced with a stressful situation, the physiological response of the body has evolved to prepare an individual to assess the situation and act accordingly; hence, faster, more instinctual mechanisms regulated by the amygdala, hippocampus, and striatum take over, superseding the more logical and analytical functions of the frontal cortex (Arnsten, 1998) . The physiologic stress response is often divided into two separate yet linked systems acting in a coordinated temporal manner. The rapid response to a stressor involves the sympathetic-adrenomedullary system, which results in activation of the sympathetic nervous system, increased systemic levels of norepinephrine and epinephrine, and increased levels of norepinephrine in the brain. The slower, longer-lasting response to a stressor involves the hypothalamic-pituitary-adrenal (HPA) axis ( Fig. 1) and begins with the paraventricular nucleus of the hypothalamus releasing corticotropin-releasing factor (CRF), which then stimulates the pituitary to release adrenocorticotropic hormone (ACTH) into the bloodstream. ACTH stimulates release of glucocorticoids [cortisol in humans and corticosterone (CORT) in rodents] from the adrenal cortex. Glucocorticoids mobilize peripheral energy stores, dampen the immune response, and act as mediators in negative feedback control of the HPA axis (De Kloet et al., 2005) . The HPA axis and sympathetic-adrenomedullary system work in conjunction with one another to coordinate adaptive responses to a stressor. Although these responses are important for survival, they have the potential to become maladaptive in modern society, where stressful situations have become the norm.
Epilepsy is a common disorder characterized by periods of abnormal neuronal excitability, resulting in recurrent seizures. The paroxysmal nature of epilepsy suggests the action of endogenous or exogenous precipitating factors. A better understanding of these triggers could lead to better seizure control, and as such, these factors have been avidly sought for more than a century (McQuarrie, 1929) . Most clinical studies investigating seizure-precipitating events have been based on patient interviews and subjective recall. Stress, and emotional stress in particular, is ranked consistently as the most common seizure trigger in patient perception studies, independent of the subtype of epilepsy reported (da Silva Sousa et al., 2005; Frucht et al., 2000; Haut et al., 2003; Mattson, 1991; Nakken et al., 2005; Sperling et al., 2008) . In response to these subjective studies, some have argued that stress results in sleep deprivation and medication noncompliance, the two seizure-precipitating factors that have been more tangibly linked to greater seizure frequency. However, there is also a connection between stress and seizures independent of any relationship with sleep or medication noncompliance (Haut et al., 2007) . Furthermore, patients with refractory epilepsy tend to report triggering factors, such as stress, more often than patients whose seizures are well controlled with medication, underscoring the potential therapeutic benefits of a better understanding of the relationship between stress and epilepsy (Sperling et al., 2008) . Finally, in a study that did not rely on patient reporting, audio and video recordings designed to elicit empathetically stressful responses were sufficient to induce spontaneous seizures in patients with epilepsy (Feldman and Paul, 1976) . Taken together, these findings suggest that the physiologic stress response is sufficient to provoke seizures in patients with epilepsy. This review will summarize human and animal studies that have examined the link between stress and epilepsy, highlighting the many different model systems used and the diversity of outcomes generated.
HUMAN STUDIES
Human studies investigating the link between stress and epilepsy have focused primarily on HPA axis function in epileptic patients. As would be expected, because a seizure is in itself a stressful event, ACTH and cortisol levels are increased after both complex partial and generalized tonic-clonic seizures (Pritchard, 1991; Rao et al., 1989; Takeshita et al., 1986) . Reduced inhibitory control of the HPA axis is also seen in patients with epilepsy, as manifested by a prolonged increase of cortisol levels after a stressor and a sluggish return to baseline levels (Rao et al., 1989; Zobel et al., 2004) . Other HPA axis abnormalities in patients with epilepsy include increased basal levels of ACTH and cortisol and decreased levels of allotetrahydrodeoxycorticosterone, a stress-related neuropeptide (Galimberti et al., 2005; Gallagher, 1987; Gallagher et al., 1984; Tuveri et al., 2008) . To examine the relationship between HPA axis function and recovery from status epilepticus, Calabrese et al. (1993) collected blood from adult patients within 12 hours after the cessation of seizure activity. The clinical outcome of these patients 6 to 12 days later was correlated with the degree of HPA axis responsiveness; patients with poor outcome (death or severe neurologic or medical complications) had significantly increased plasma cortisol levels after status, whereas moderately increased levels were seen in patients with a good outcome (little or no neurologic deficit) (Calabrese et al., 1993) . Altogether, these studies point to HPA axis dysfunction in patients with epilepsy but does this necessarily solidify a link between stress and increased seizure frequency?
One caveat when dealing with self-report studies is the subjective perception of stress itself. Therefore, a few studies have attempted to examine the relationship between stress and occurrence of seizures in populations affected by a common stressor. Neufeld et al. (1994) investigated the emotional stress of the 1991 Persian Gulf War on Israelis with epilepsy and found a weak link between stress and seizure frequency; however, this study lacked a control population. Swinkels et al. (1998) examined the effect of a controlled evacuation from a flooded area in The Netherlands on patients with epilepsy, using nonevacuee patients as controls, and found a strong relationship between the stressful situation and the frequency of seizures in the evacuated patients. Similarly, Bosnjak et al. (2002) compared children with epilepsy during the 1991-1992 Croatian war with children with epilepsy from nonwar-affected areas and found a strong link between stress and seizure frequency. However, beyond these types of correlational studies, human data on the link between stress and epilepsy are limited. It is for this reason that research has relied heavily on animal models to better probe the mechanistic underpinnings of the stress response and its relationship with epilepsy.
ANIMAL STUDIES

Seizure Susceptibility and the HypothalamicPituitary-Adrenal Axis
One widely used epilepsy model involves kindling of the dorsal hippocampus or the amygdala in rodents; fully kindled animals display generalized seizures in response to mild electrical stimulation. Hippocampal kindling of Sprague-Dawley rats resulted in hyperactivity of the HPA axis as characterized by increased basal ACTH levels, and both hippocampal and amygdala kindling resulted in larger ACTH and CORT responses to an acute stressor (Szafarczyk et al., 1986) . However, Karst et al. (1997) reported that hippocampal kindling of Wistar rats resulted in decreased basal levels of CORT during the kindling process and a faster return to baseline CORT levels after acute stress, indicating enhanced negative feedback and an adaptive HPA axis response in these animals. As both the hippocampus and the amygdala are involved in HPA axis regulation (Jankord and Herman, 2008) , it is not surprising that kindling these areas results in altered HPA axis activity (Fig. 1) .
In another seizure model, analysis of Wistar rats after pilocarpine-induced status epilepticus revealed a hyperactive HPA axis, as evidenced by increased basal levels of CORT, reduced suppression of CORT by administration of a synthetic glucocorticoid (dexamethasone), and hypersecretion of CORT in response to a CRF challenge (Mazarati et al., 2009) . Interestingly, although most of the rats developed spontaneous seizures after status epilepticus, abnormal HPA axis function was observed even in poststatus rats that did not develop spontaneous seizures, suggesting that altered neuronal activity itself is sufficient to produce an abnormal stress response (Mazarati et al., 2009) .
Genetically seizure-susceptible animal models are also a powerful tool for examining the relationship between the seizuresusceptible brain and the stress response. For example, the Mongolian gerbil displays seizures when exposed to novelty, itself a stressor. Both CRF expression and CRF-receptor expression are upregulated in the hippocampus shortly after seizure-sensitive gerbils experience a seizure, but expression levels quickly return to baseline, which does not differ from seizure-resistant gerbils Park et al., 2003) . Another genetic model of seizure susceptibility is the epilepsy (El) mouse, which experiences seizures in response to vestibular stimulation. Forcelli et al. (2007) showed that these mice have higher CRF levels in the paraventricular thalamus and higher CORT response to an acute stressor when compared with control mice; however, basal CORT levels in El mice are comparable with controls (Forcelli et al., 2007) .
Effects of Corticotropin-Releasing Factor on Seizures
Many animal studies have focused on the effects of stressrelated mediators on the seizure response. One such mediator is the CRF peptide, which functions not only as a hypothalamic releasing factor but also as a modulator of limbic circuit excitation (Baram and Hatalski, 1998) . Consistent with this role, a number of studies have shown CRF to be a proconvulsive molecule. Intracerebroventricular injections of CRF reliably produced spontaneous seizures in wild-type Sprague-Dawley rats (Baram and Schultz, 1991; Ehlers et al., 1983; Marrosu et al., 1988; Weiss et al., 1986) , and CRF-induced epileptiform activity begins in the amygdala, reinforcing the view that CRF contributes to increased excitation in limbic regions (Baram et al., 1992) . Furthermore, when CRF is administered before amygdala kindling, the time to reach the fully kindled state is markedly reduced (Weiss et al., 1986) . In light of these data, it is possible that seizures triggered by emotional stress are a result of activation of the limbic circuit in conjunction with stress-induced FIGURE 1. Hypothalamic-pituitary-adrenal axis. In response to a stressor, neurons in the paraventricular nucleus (PVN) of the hypothalamus release corticotropin-releasing factor (CRF), which in turn stimulates adrenocorticotropic hormone (ACTH) release from the pituitary. The ACTH stimulates the release of glucocorticoids (cortisol in humans and CORT in rodents) from the adrenal cortex. Glucocorticoids modulate the system by providing feedback at multiple levels via glucocorticoid receptors and mineralocorticoid receptors.
CRF-mediated hyperexcitability. Consistent with this hypothesis, Lewis rats, which have inherently reduced CRF expression, take longer to kindle (i.e., more electrical stimulations are required), supporting the proconvulsive role of CRF (Weiss et al., 1993) .
Effects of Adrenocorticotropic Hormone on Seizures
Historically, ACTH is one of the most studied stress response mediators. Studies of the effects of ACTH in wild-type animals have revealed a combination of proconvulsive and anticonvulsive responses (reviewed in Holmes, 1991) . The only study looking at the effects of ACTH in a genetically seizure-susceptible model showed that the hormone can be anticonvulsive in Mongolian gerbils but only at higher and potentially toxic doses (Bajorek et al., 1984) . Interestingly, ACTH is used in the treatment of infantile spasms, a rare epileptic disorder in infants (Gupta and Appleton, 2005) . Administration of exogenous ACTH is suspected to downregulate CRF expression and reduce limbic excitability (Brunson et al., 2002) . Nevertheless, ACTH has been ineffective in treating other types of childhood epilepsies (Gayatri et al., 2007) .
Effects of Corticosterone on Seizures
Corticosterone has also been associated with both proconvulsive and anticonvulsive properties. In kindling models, CORT manipulations are primarily proconvulsive, but a few studies have shown either anticonvulsive effects or no effects at all (Table 1) . One of the studies showing anticonvulsive effects involved the removal of the pituitary, which alters far more than the HPA axis (Rose et al., 1979) , and two studies used cortisone, a CORT metabolite, instead of CORT (Rose and Bridger, 1982) . It should be noted that many experimental variables differed between the kindling studies as shown in Table 1 : CORT administration was acute or chronic, adrenalectomy was performed either before or after the kindling process, CORT was administered via different methods and at different dosages, and different strains of rats were used. In light of these variations, the contradictory results are unsurprising. In an example of the influence of natural CORT fluctuations, wild-type Fischer-344 rats showed a diurnal variation in kindling rates; rats are kindled faster in the evenings when endogenous CORT levels are at their highest, providing evidence that independent of experimental manipulation, CORT may act as a proconvulsant (Weiss et al., 1993) .
Variable results have also been obtained from studies using chemiconvulsants. Kainic acid-induced seizures were attenuated by adrenalectomy and enhanced by dexamethasone treatment in Fischer-344 rats, suggesting a proconvulsive role for CORT (Lee et al., 1989) . However, adrenalectomy significantly reduced bicuculline-induced seizure thresholds in both long-sleep and short-sleep mice, suggesting that it is the absence of CORT that is proconvulsive (Bowers et al., 1991) . Although one study used rats and the other study used mice, a more important distinction is the type of chemiconvulsant used. Kainic acid is an excitatory amino acid that enhances excitation, whereas bicuculline is a ␥-aminobutyric acid (GABA) A receptor antagonist that reduces inhibition. The types of mechanisms by which chemiconvulsants act to induce seizures can have a major effect on the outcome of stress-epilepsy studies, as we will soon detail in the acute stress section.
What about the effect of CORT in genetic models? One of the earliest studies showed that the injection of cortisone into photosensitive baboons resulted in increased seizure activity in a dose-dependent manner (Ehlers and Killam, 1979) . Notably, seizure activity in these baboons followed a circadian rhythm, with maximal seizure activity correlating with maximal urine cortisol levels (Ehlers and Killam, 1979) . Moreover, the WAG/ Rij rats, an absence epilepsy model, show a rapid, albeit transient increase in the number of absence seizures in response to the administration of CORT (Schridde and van Luijtelaar, 2004) . In contrast, administration of CORT to absence seizure-prone DBA/2J mice decreased the number of spontaneous spike and wave discharges observed (Capasso et al., 1994) .
CORT exerts its effects on the brain through action at glucocorticoid receptors and mineralocorticoid receptors. Downstream actions of these receptors can have opposing effects on neuronal excitability, and thus, the balance of these receptors is critical for maintaining baseline sensitivity to input, particularly in limbic regions (De Kloet et al., 1998) . It is likely that different animal models as well as different seizure induction paradigms influence the relative balance and distribution of glucocorticoid receptors and mineralocorticoid receptors throughout the brain. Such differences could contribute to the disparities seen in experiments linking CORT with seizure activity.
The preceding sections summarized animal studies in which the relationship between individual HPA axis mediators (CRF, ACTH, and CORT) and seizures were examined. Although providing important information, such studies do not take the full physiologic stress response into account. The following sections will focus on studies that have used actual stressors. Exposure to a stressor results in a complete physiologic stress response, and although such a response is complex and multifaceted, these studies provide further insight into the relationship between stress and epilepsy.
Acute Stress and Seizures
The relationship between acute stress and seizure generation also seems variable and seems to be influenced by the animal model and method of seizure induction. In early studies, the application of alumina cream to the cortex was used to elicit the generation of spontaneous seizures in Rhesus macaque monkeys. Stress and the anticipation of a stressful event were identified as key triggering factors for these spontaneous seizures (Kopeloff et al., 1954; Lockard, 1980) . Intriguingly, the severity of the acute stressor correlated with the severity of the resulting seizure (Kopeloff et al., 1954) . In the decades since, the focus has shifted to rodent models of induced epilepsy. Although not the main focus of their study, Cain and Corcoran (1984) noted that the handling and restraint necessary to administer injections increased the number of opioid-induced seizures in Hooded rats. Following up on this observation, they also showed that exposing subjects to a threatening male further exacerbated seizure activity (Cain and Corcoran, 1984) . In these studies, acute stress seemed to increase seizure activity.
In contrast, Soubrie et al. (1980) found acute stress to be anticonvulsive: four different acute stress paradigms all increased the threshold for picrotoxin-induced seizures in Wistar rats. Since 1980, many studies have investigated the hypothesis that acute swim stress is anticonvulsive, with varying results (Table 2 ). The emerging consensus is that swim stress is anticonvulsive against chemiconvulsants with GABA-related seizure induction mechanisms. In addition, colder water temperatures (Pericic et al., 2001 ) and longer swim durations (Abel and Berman, 1993) further increased resistance to seizures induced with GABA-related chemiconvulsants. However, swim stress does not seem to increase thresholds when seizures are induced using mechanisms that are GABA unrelated, and in fact, it exacerbates the response to electrically induced seizures (De Lima and Rae, 1991; Deutsch et al., 1990) . Adding further variability, Pericic and Bujas (1997) showed that the anticonvulsive effects of swim stress were sex dependent, with females receiving the most protection. This is not surprising, given the known sex differences in HPA axis function (reviewed in Kudielka and Kirschbaum, 2005) . Interestingly, repeated swim stress (18°C-19°C; 10 minutes) over 5 days in CBA mice returned thresholds to picrotoxin-induced seizures to the levels seen in unstressed controls, indicating that the anticonvulsive properties of acute stress are indeed acute and not maintained after repeated stress exposure (Pericic et al., 2001 ).
Other studies have brought different insights into the effects of acute stress on seizure susceptibility. Rae et al. (1990) showed that conspecific aggression stress in NIH Swiss mice reduced thresholds to both pentylenetetrazol (PTZ)-and pilocarpine-induced seizures and increased lethality to maximal transcorneal electroshockinduced seizures. One interesting aspect of this study was that acute stress was not anticonvulsant against PTZ, a chemiconvulsant with a GABA-related seizure induction mechanism. Notably, this study used aggression stress, suggestive of a larger limbic involvement in seizure generation. Finally, one study using Sprague-Dawley rats showed that foot shock stress reduced the latency to isoniazidinduced seizures and increased the number of animals that experienced a seizure in response to isoniazid, two proconvulsive responses (Serra et al., 1991) . These studies show that not only does the method of seizure induction matter but also the type of stressor may influence the outcome of the experiment.
Chronic Stress and Seizures
Although fewer studies have looked at the effects of chronic stress on seizure susceptibility, the results have been more consistent. Mongolian gerbils subjected to a test regimen of 15 to 45 weekly novelty stress stimulations yielded two interesting findings. First, four groups of gerbils emerged that differed based on their seizure susceptibility, and unlike acute stress studies, no seizureresistant gerbils were identified (Scotti et al., 1998) . This model is likely polygenic, and the identification of four distinct subgroups suggests that the underlying neural circuitry is influenced by genetic factors that are important for shaping the seizure phenotype in response to chronic stress. A second finding of this study was that, during the course of the prolonged test regimen, seizures in response to weekly stimulations became progressively more severe, suggesting that chronic stress is not only proconvulsive but also influences the resulting seizure phenotype (Scotti et al., 1998) .
Rodents are social animals, and chronic isolation produces physiologic effects indicative of chronic stress (Van Loo et al., 2003) . Two studies have used long-term social isolation as a model of mild chronic stress. In one study, social isolation during a 7-week period increased the susceptibility of ddY mice to picrotoxininduced seizures (Matsumoto et al., 2003) . Interestingly, and reminiscent of the acute stress studies, these mice did not display any change in susceptibility to strychnine or kainic acid, two GABA- unrelated chemiconvulsants (Matsumoto et al., 2003) . In contrast, Chadda and Devaud (2004) showed that individually housing Sprague-Dawley rats reduced thresholds of both sexes to bicuculline-induced seizures but not PTZ-induced seizures. In another example of sex differences in the stress response, an additional acute stressor (30-minute restraint stress) administered after 10 days of social isolation reduced bicuculline-induced seizure thresholds in individually housed males but intriguingly, only in group-housed females (Chadda and Devaud, 2004) .
Early Life Stress and Seizures
Early life stress in both rodents and primates results in adults with altered stress responses (reviewed in Sanchez et al., 2001) . In a study examining the effects of progesterone metabolites on seizure susceptibility, allopregnanolone was found to be anticonvulsive against kainic acid-induced seizures in Long Evans rats; however, prenatal stress attenuated this effect (Frye and Bayon, 1999) , suggesting that the early life experience had a proconvulsive effect that was sufficient to overcome the anticonvulsive properties of allopregnanolone. Subsequent studies using Sprague-Dawley rats also showed early life stress to be proconvulsive. Edwards et al. (2002) demonstrated that late gestational stress increased the kindling rate in young rats (P13) of both sexes but increased the kindling rate only in adult male rats. Huang et al. (2002) isolated rat pups from their dam for 1 hour/day from P2 to P9, and seizures were induced using PTZ the following day. Pups that experienced maternal separation exhibited seizures of a longer duration (Huang et al., 2002) . Lai et al. (2006) also used a similar combination of maternal separation and seizure induction. Rat pups were isolated from their dam for 1 hour/day from P2 to P9 and exposed to pilocarpine-induced status epilepticus on P10. Maternal separation alone or pilocarpine-induced status epilepticus alone did not decrease seizure threshold in adult animals, but the combination of both maternal separation and status on P10 resulted in adults with a significant reduction in thresholds to PTZ-induced seizures (Lai et al., 2006) . In addition, using Wistar rats, Salzberg et al. (2007) showed that maternal separation from P2 to P14 resulted in a faster amygdala kindling rate in adult females but not adult males. Opposite gender effects were observed in two of these studies: early life stress reduced the kindling rate only in adult males in one study (Edwards et al., 2002) and only in adult females in the other study (Salzberg et al., 2007) . But these studies differed in three important ways and offer an example of how the model used affects the outcome: Edwards et al. (2002) used Sprague-Dawley rats, prenatal stress, and hippocampal kindling, whereas Salzberg et al. (2007) used Wistar rats, postnatal stress, and amygdala kindling. In either case, early life stress proved to be proconvulsive in at least one gender.
Recently, the influence of the early life environment on seizure activity was investigated in the epilepsy (El) mouse. Leussis and Heinrichs (2009) cross-fostered El pups to CD-1 dams because CD-1 dams exhibit a higher quality of maternal care than El dams. El pups raised by CD-1 dams experienced delayed seizure onset and reduced seizure frequency, suggesting that early life environment can play an important role in shaping the adult seizure phenotype (Leussis and Heinrichs, 2009) . Interestingly, El pups raised in a biparental environment with both the El dam and sire attending the pups received more parental attention, yet showed decreased body weights and an earlier development of seizures than El pups raised by only the El dam (Orefice and Heinrichs, 2008) . Although the El mouse model has not been used to test the effects of early life stress per se, these two studies demonstrate that the early life environment can interact with genetic predisposition to shape the future seizure phenotype.
Possible Mechanisms
Although it is beyond the scope of this review to offer an in-depth look at the mechanisms behind the putative anticonvulsive and proconvulsive effects of stress, we would like to highlight a few key mechanisms and point out other more extensive reviews on this topic. Much attention has been focused on the mechanisms behind the anticonvulsive effects of acute stress. The key players seem to be neuroactive steroids such as allotetrahydrodeoxycorticosterone and allopregnanolone, which act as positive modulators of the GABA A receptor by increasing inhibitory tone and reducing seizure susceptibility (reviewed in Morrow, 2007; Reddy, 2006) . Barbaccia et al. (2001) reviewed studies showing how acute stress increases the levels of anticonvulsant neuroactive steroids, whereas chronic stress decreases their levels. Belelli et al. (2006) offer a more mechanistic review, focusing on how neuroactive steroids can selectively modulate GABA activity, depending on subunit composition, steroid metabolism, phosphorylation, and other regulatory mechanisms. In light of the sex differences like the ones described above, review articles have also included the effects of the sex hormones on brain excitability (Beyenburg et al., 2001) as well as the effects of stress and seizures on sex hormones and seizure activity resulting from altered hormonal levels (Rhodes et al., 2004) .
As we have seen, stress can also have proconvulsive effects. Joels (2009) offers an extensive review of the cellular effects of stress mediators (e.g., CRF and CORT) in the rodent hippocampus, positing mechanisms by which stress can switch from being anticonvulsive to proconvulsive. Baram and Hatalski (1998) propose that the excitatory properties of CRF can lead to the development of epileptogenesis in the young brain, which is already inherently hyperexcitable. Finally, the stress response entails the activation of not only HPA axis but also sympathetic-adrenomedullary system. In particular, norepinephrine is known to affect seizure activity in both ways, proconvulsive and anticonvulsive (reviewed in Giorgi et al., 2004) . Furthermore, norepinephrine and CRF are intrinsically linked, as neurons from the locus coeruleus project to the paraventricular nucleus and neurons from the paraventricular nucleus project back to the locus coeruleus, making true separation of the HPA axis and the sympathetic-adrenomedullary system difficult, at best (reviewed in Koob, 1999) .
Multiple Models, Multiple Outcomes
This review shows that the link between stress and epilepsy has been explored in a range of animal models. Within rodent models, many different strains of rats and mice have been used. Notably, the majority of these studies were conducted in wild-type animals with normal brain and HPA axis development that was only perturbed when the investigator induced an epileptic state by electrical or chemical means. Although such studies may offer important insights into the relationship between stress and symptomatic epilepsies acquired during adulthood, they may not fully reflect the relationship between stress and the idiopathic epilepsies, which often manifest in early childhood and have a strong genetic component. The epileptic brain resulting from a genetic mutation likely develops differently, leading to altered network connectivity early in development. Some genetically seizure-susceptible models, such as the El mouse, have been used to investigate the link between stress and epilepsy; however, these models are likely to be polygenic. Because the stress response is multifaceted and complex, monogenic models would provide a simpler system for teasing out key mechanisms linking stress and epilepsy.
To illustrate this concept, consider patients with mutations in the voltage-gated sodium channel gene SCN1A. In these patients,excitability of inhibitory neurons, thereby decreasing overall network inhibition (Gambardella and Marini, 2009; Martin et al., 2010; Ragsdale, 2008; Tang et al., 2009; Yu et al., 2006) . As the HPA axis is controlled by a combination of inhibitory and excitatory signals from limbic regions (Herman et al., 2005) , a disruption in the balance between inhibition and excitation could alter the functioning of the HPA axis and thus the response to a stressor. Preliminary work in our laboratory has shown that mice with the SCN1A-R1648H mutation that was identified in a family with generalized epilepsy with febrile seizures plus, respond differently to stress than wild-type littermates. After an acute 45-minute restraint stress, wild-type littermates show an increased threshold to seizures induced with the chemiconvulsant flurothyl (Fig. 2) , in accordance with other models showing acute stress to be anticonvulsive against a chemiconvulsant with a GABA-related mechanism. In contrast, seizure thresholds were unaltered in heterozygous R1648H mutants (Fig. 2) , suggesting that these mutants do not respond to stress in the same way as their wild-type littermates. The growing availability of mouse models with human epilepsy mutations, as well as mouse models with mutations in stress pathway genes, will provide new opportunities to investigate the contribution of single genes to both the seizure susceptibility and the stress response.
CONCLUSIONS
Stress has long been suspected of playing a role in increasing seizure frequency in patients with epilepsy. More recently, studies have provided scientific evidence for this link and shown altered stress system responsiveness in patients with epilepsy. In an attempt to better understand the interplay between stress and epilepsy, animal models have been helpful, but the results are often contradictory. The majority of animal studies have been conducted in wild-type rodents using a variety of stress or seizure induction paradigms. Although stress mediators like CRF are consistently shown to be proconvulsive, other mediators, such as ACTH, CORT, and norepinephrine, show both proconvulsive and anticonvulsive properties. Acute stress is also known to both increase and decrease seizure susceptibility, depending on the seizure induction method and the type of acute stressor used. Conversely, chronic stress and early life stress consistently result in proconvulsive outcomes. Efforts to identify precise mechanisms linking stress and seizures are confounded by the use of many models, yielding many outcomes. Mouse models carrying single mutations may be preferable, offering less complex systems in which to examine the relationship between stress and epilepsy. FIGURE 2. Heterozygous SCN1A-R1648H mutants differ from wild-type littermates in their response to stress. Latencies to flurothyl-induced generalized tonic-clonic seizures were measured in both males and females. No sex differences were observed, and hence data were combined. Differences in latencies to flurothyl-induced generalized tonicclonic seizures between nonrestrained (n ϭ 28) and restrained (n ϭ 27) wild-type animals were statistically significant (no restraint, 410 Ϯ 11 seconds; restraint, 506 Ϯ 30 seconds, P ϭ 0.001). Latencies to generalized tonic-clonic seizures between nonrestrained (n ϭ 31) and restrained (n ϭ 26) mutants were not statistically different (no restraint, 351 Ϯ 9 seconds; restraint, 358 Ϯ 23 seconds, P ϭ 0.787). ϩ/ϩ, wild-type; RH/ϩ, heterozygous R1648H; *, P ϭ 0.001. Error bars represent SEM.
